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A high gain DC-DC converter is the crucial part in renewable energy 
systems (RES) and in electric vehicular systems. The reliability of those 
high-gain converters needs to be assessed for the long-term operation of 
renewable energy systems. This article presents the reliability analysis of 
non-isolated high gain interleaved DC-DC converter. The analysis primarily 
relies on calculating the mean time between failures (MTBF). Based on 
military handbook (MIL-HDBK-217) criteria, the reliability calculation is 
performed. Stress factors and predicted failure rate for each component of 
presented converter is evaluated and tabulated. Reliability evaluation is 
performed for 1.5 kW hardware prototype. Based on reliability evaluation 
results, a reliable converter with better operating life time has been 
introduced. 
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NOMENCLATURE 


converter: failure rate of converter (FIT) 


Ap: base failure rate 


Amosrer: failure rate of MOSFET (FIT) Tr: temperature factor 


Apioae: failure rate of diode (FIT) 


T4: application factor 


Acapacitor: failure rate of capacitor (FIT) 7: quality factor 


Aindauctor: failure rate of inductor (FIT) 


Tg: environmental factor 


Pswitch Loss. SWitching loss of MOSFET (W) m5: voltage stress factor 


Ppiode: loss of diode (W) 


Pcapacitor Loss: loss of capacitor (W) 
Pcr: loss of coupled inductor (W) 
T;: worst case junction temperature (°C) 


Tc: case temperature (°C) 


zç: construction factor 

Mcy: capacitance factor 

S: ratio of operating to rated voltage 

Tys: hot spot temperature (°C) 

T,: inductive device ambient operating temperature (°C) 


Ac: junction to case thermal resistance (°C/W) W_: power loss of inductor (W) 


P4: power dissipation (W) 
A: failure rate 


Journal homepage: http://beei.org 


A: radiating surface area of case (in?) 
AT: average temperature rise above ambient (°C) 
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1. INTRODUCTION 

High gain DC-DC converters and inverters plays a vital role in renewable energy systems (RES) and 
in electric vehicular systems [1]-[6]. Many types of converters were dealt in [7]—[9]. The employed DC-DC 
converters and inverters should be reliable to guarantee the sustainability of renewable energy systems and 
electric vehicular systems. The converters are built with semiconductor switches, inductors and capacitors in 
[10]-[13]. When DC-DC converters are put through any applications, there is a possibility that they will 
break down by many factors like switching losses of semiconductor switches, high reverse recovery problem 
of diodes, high capacitor stress, operative temperature of inductors and other external environmental 
conditions. Renewable energy applications rely on both converters and inverters. In particular, inverters play 
a crucial role in the overall process. Many types of inverter were proposed in [14]-[18]. Renewable energy- 
based converters must operate reliably for many years. Thus, it is imperative to evaluate the reliability of a 
DC-DC converter. 

Efficiency, reliability, and price are the performance criteria for evaluating power converters which 
are presented in [19]—[24]. The probability of a system functions satisfactorily over time and under particular 
operational and environmental conditions is the standard way to assess dependability is given in [20]-[22]. 
The reliability study enables comparison of various design techniques, evaluation of the system design 
process, and definition of preventive maintenance plans. Reliability analysis is performed for conventional 
and interleaved DC-DC boost converters in [19]. The performance and reliability enhancement of modular 
DC converter were analysed in [20]. Many conventional dc converters are reconfigured and restructured their 
reliability performance are discussed in [21], [22]. The reliability assessment for multilevel DC converters 
are analyzed in [23]. Likewise, many articles in [19]-[23] have evaluated the reliability of DC converters. 
Life time extension of many converters can be made possible by using multistate markov analysis elucidated 
in [24]. 

This paper presents the reliability evaluation of high gain interleaved DC-DC converter. The 
operation, steady state analysis, power loss and efficiency of proposed converter were presented in [25]. The 
military manual MIL-HDBK-217F [26] is used to assess the reliability. This handbook is a basic supporting 
tool for the prediction of reliability of any electronic system. The stress factors and predicted failure rate of 
presented high gain interleaved DC-DC converter is calculated under normal operating conditions. 
Figure 1(a) shows the components of proposed converter included in reliability evaluation and Figure 1(b) 
shows the steps to be followed for the reliability evaluation. Typically, failure rates for each component are 
determined separately and then summed to determine the failure rate. 


Reliability of proposed high 
gain DC converter 


Reliability is evaluated 
using MIL-HD-217F 


Novel high gain 
interleaved DC-DC = 
converter 7 


Environmental,application, 
temperature, quality and 
stress factors are considered 


Failure rate of each 
components is calculated 


(a) (b) 


Figure 1. Reliability evaluation: (a) components included and (b) steps of reliability analysis 


2. NOVEL NON-ISOLATED INTERLEAVED HIGH GAIN DC-DC CONVERTER 

The operation, steady state analysis, power loss and efficiency calculations of proposed non-isolated 
interleaved high gain DC-DC converter is presented in [25]. The presented converter has interleaved 
structure, switched capacitor (SC) cell, passive clamp circuit and voltage multiplier unit (VMU). Through the 
use of the interleaving technique, the distribution of currents is optimized, and the occurrence of ripples is 
minimized. The SC cell improve the overall output voltage. Clamp circuits can reduce switching losses and 
voltage spikes caused by power switches being turned off. VMU further improves the overall voltage gain of 
the converter. It can able to obtain the output voltage of 515 V from 30 V input. The voltage gain of proposed 
converter is found to be 17.5 at a nominal duty ratio D = 0.6. The reliability evaluation is performed for the 
1.5 kW hardware prototype. Figure 2 shows the circuit of non-isolated interleaved high gain DC-DC converter. 
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Figure 2. Circuit of non-isolated interleaved high gain DC-DC converter [25] 


3. RELIABILITY EVALUATION 

The reliability of the proposed converter is determined using the MIL-HDBK-217F military manual. 
The impact of power loss on the failure rates of converter components has been evaluated, and the failure 
rates of components are determined through practical calculations. In order to conduct a reliability analysis, 
it’s important to know the component ratings of the converters. The components considered for reliability 
evaluation are illustrated in Figure l(a), consisting of 2 coupled inductors, 2 MOSFETs, 7 diodes, and 
6 capacitors. The reliability evaluation is conducted in accordance with the steps outlined in Figure 1(b). 
Reliability analysis of proposed converter is calculated under normal operating and environmental condition. 
Reliability of converter depends on manufacturing process and material used in devices and has an indirect 
impact by the working environment. The MTTF is estimated by (1) and (2): 

1 


Mean Time of Failure = ae (1) 
Converter 


= y2 7 6 4 
\converter E Èí=1 Amosrer T 2 j=1 diode T Èk=1 \capacitor T Èi=1 Mnductor (2) 


Failure rates and stress factors are dependent on environmental conditions. For the calculations of 
failure rate and stress factors, the power loss equations must be derived by using hardware parameters. The 
power loss values for switches (Powitch Loss), diodes (Ppiode Loss), Coupled inductor (Pc; Loss) and capacitor 
(Pcapacitor Loss) Were calculated. Power loss equations and its values of proposed converter is shown in Table 1. 
For determining the MTTF of proposed converter, the failure rate of individual components like MOSFET’s, 
diodes, capacitors and inductors of proposed is determined based on the equations tabulated in Table 2. 
Those equations are taken from MIL-HDBK-217 military handbook [26]. 


Table 1. Power loss equations and its values [25] 


S. No Equations Loss values (W) 
1. Pswitch toss = 1b- Rps(on) + Pswitcn (on) + Pswitcn (off) 17.95 
2. Pniode Loss = Voiode (oN): lpiode avg + IB- Raiode 15.97 
3. Portoss = lfp. Rip + Is. Ris + Poore Loss 9.11 
4. Peapacitor Loss = Tecems): ESR 18.2 
Total loss 61.23 


The essential parameters and selected values of hardware components for failure rate for reliability 
assessments are given in Table 3. The failure rate calculations can be determined by the hardware 
components are as follows; IXTK 62N 25 for two MOSFET’s, RF1001 for diodes D1, D2, D3 and D4, 
MUR1560 for D5, D6 and DO, electrolytic type for C1, C2, C3 and CO and aluminium type for C4 and C5. 
The values of supporting parameters like Rps (on), Tc, Ac, TJ and Oc are taken from the data sheets of 
hardware components. 
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Table 2. Failure rates and stress factors [26] 


Components Equations of failure rate Equations of stress factor 
MOSFET 4 = Ay, MMM; Failures/10° a jae 1 1 
ee T, +273 298 


T, = Te + Oj¢.Pq 


Diode A= Abt, is cH, Failures/10° = ae 1 1 
TET ae T, +273 298 
T, = Te + Ojc.Pa 
Capacitor A= ApficytoTtg Failures /106 s \2 Ty + 273\° 
Tey = 0.340048 Ay = (S) |-exp 5.09( 378 ) 
= Tys + 273 
Inductor A= Ap eK gTic Jy = 0.00035 exp( HS ) 
409 
125 W, 


Tus = T4 + 1.147, AT = ——— 


The junction temperature of switches S1, S2 and all diodes from DO to D6 of proposed converter 
can determined by using: 


T; = Te + Oc .Pa (3) 


where T, is worst case junction temperature (°C), Tc is case temperature (°C), Oc is junction to case thermal 
resistance (°C/W) and P4 is power dissipation (W). The stress factors for all the components of proposed 
converter is determined by referring MIL-HDBK-217 military handbook [26] and specifications of hardware 
components in Table 3. By substituting the failure rate of hardware components in (2). The failure rate of 
converter can be determined by, Aconverter = 40.78 x 10° hours. 


MTBF = 24520 hours 


The stress factors and predicted failure rate of hardware components are tabulated in Table 4. The 
predicted failure rate of switches S1, S2 are 0.768 107°h7}, the diodes D1, D2, D3, D4 are 6.72 10-°h™?, 
diodes D5, D6, DO are 1.232 10~°h“?, the capacitors C1, C2 are 1.33 x 1073 10-°h“?, the capacitor C3 are 
1.209 x 107? 1076h} capacitors CO are 31.89 x 107? 107-°h7? and inductors are 2.52 x 1073 1076h7t. 
The mean time between failures of proposed high gain converters are found to be 24520 hours. The results 
show that the proposed high-gain converter is moderately reliable. A novel and high-gain converter has been 
developed and tested for renewable energy applications, and perhaps it is generally reliable. 


Table 3. Essential parameters and selected values for failure rate assessments 


Components Parameters and values 
MOSFET’s S1, S2 IXTK 62N 25 (Rps (on) = 35 mO, Te = 25 °C, Ge = 0.3 °C/W) 
The diodes D1, D2, D3, D4 RF1001 (Te = 25 °C, T, = 150 °C, Ge = 3.5 °C/W, Pa = 8.98 W) 
The diodes D5, D6, DO MUR1560 (Te = 25 °C, TT, = 175, Gc = 1.5 °C/W) 
The capacitors C1, C2, C3 Electrolytic (200 V, 5 A) (1-10 uF) 
The capacitors C4, Cs Aluminum type (300 V, 10 A), 650 nF 
The capacitors Co Electrolytic type (250 V, 5 A) 470 uF 


Table 4. Stress factors and predicted failure rate for each component 
Stress Switches S1 Diodes D1, Diodes DS, Capacitors Capacitors Capacitors Capacitors 


factors and S2 D2, D3, D4 D6, DO C1, C2 C3 C4, C5 co Juduetors 
An 0.012 0.069 0.069 0.031 0.031 0.031 0.031 5.38 x 
10-4 
Ta 8 - - - - - - 
Ts £ 0.58 0.77 z = 2 2 
Te = 1 1 = = Z 1 
T 8 8 1 0.1 0.1 1.0 1.0 4 
Tg 1 1 1 1.0 1.0 1.0 1.0 1 
Tr 1.08 21 23.2 a 5 ` 7 - 
Tey ” Z 0.43 0.39 0.314 1.029 5 
Predicted 0.768 6.72 1.232 1.333x  1.209Xx 9.734 x 3189x  2.52x 
failure 1073 1073 1073 1073 1073 
rate 
1076h- 
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3.1. Effect of failure rates of components 

Figure 3 shows the contributions of each component to the converter failure rate of proposed high 
gain converter. The contribution of failure rate of switches S1, S2 are 8.8%, diodes D1, D2, D3 and D4 are 
found to be 77.06%, D5, D6, DO are 14.12%, C1 and C2 is 0.15%, C3 is 0.01%, CO is 0.36% and inductors 
0.29%. In the presented reliability assessments, the failure rates corresponding to the diodes have higher 
chances of failure. Therefore, diodes with different characteristics are to be selected for better reliability. 


100.00% 77:06% 

ao 

B 14.12% 
o 10.00% 

— 
3 
T 
L 
3 1.00% 
3 0.36% 9.29% 
mo] 
E o1% 
= 

[e] 

o 
S 0.01% 


Components 


mS1,S2 ™D1,D2,D3,D4 mD5,D6,DO =C1,C2 mC3 mC4C5 mCO minductors 


Figure 3. Contributions of each component to the converter failure rate 


4. CONCLUSION 

In this paper, the reliability of a novel high-gain converter is investigated. The reliability of DC 
converters is influenced by a variety of elements, including component quality, design considerations, 
operating circumstances, and maintenance procedures. The reliability evaluation of the proposed converter is 
done and it is found that the diodes have the highest failure rate. The failure rate of the proposed topology is 
calculated using the military handbook and it is observed that the failure rate is 24520 hours. The results 
show that the proposed high-gain converter is moderately reliable and reliability can be improved by 
replacing the diodes with different characteristics. However, reliability is a dynamic, ever-evolving 
characteristic rather than a static one. To guarantee that these systems operate reliably in their intended 
applications, regular evaluations and enhancements are required. 


REFERENCES 

[1] M. Forouzesh, Y. P. Siwakoti, S. A. Gorji, F. Blaabjerg, and B. Lehman, “Step-Up DC-DC converters: A comprehensive review 
of voltage-boosting techniques, topologies, and applications,” IEEE Transactions on Power Electronics, vol. 32, no. 12, pp. 
9143-9178, Dec. 2017, doi: 10.1109/TPEL.2017.2652318. 

[2] M.S. Bhaskar et al., “Survey of DC-DC non-isolated topologies for unidirectional power flow in fuel cell vehicles,” IEEE Access, 
vol. 8, pp. 178130-178166, 2020, doi: 10.1109/ACCESS.2020.3027041. 

[3] F. L. Tofoli, D. de C. Pereira, W. J. de Paula, and D. de S. Oliveira Junior, “Survey on non-isolated high-voltage step-up dc-dc 
topologies based on the boost converter,” JET Power Electronics, vol. 8, no. 10, pp. 2044-2057, Oct. 2015, doi: 10.1049/iet- 
pel.2014.0605. 

[4] W. Li and X. He, “Review of nonisolated high-step-up DC/DC converters in photovoltaic grid-connected applications,” IEEE 
Transactions on Industrial Electronics, vol. 58, no. 4, pp. 1239-1250, Apr. 2011, doi: 10.1109/TIE.2010.2049715. 

[5] P. R. Bana, K. P. Panda, R. T. Naayagi, P. Siano, and G. Panda, “Recently Developed Reduced Switch Multilevel Inverter for 
Renewable Energy Integration and Drives Application: Topologies, Comprehensive Analysis and Comparative Evaluation,” IEEE 
Access, vol. 7, pp. 54888-54909, 2019, doi: 10.1109/ACCESS.2019.2913447. 

[6] X. Hu and C. Gong, “A high gain input-parallel output-series DC/DC converter with dual coupled inductors,” IEEE Transactions 
on Power Electronics, vol. 30, no. 3, pp. 1306-1317, Mar. 2015, doi: 10.1109/TPEL.2014.2315613. 

[7] A. Ghosh and S. S. Saran, “High gain DC-DC step-up converter with multilevel output voltage,” in 2018 International 
Symposium on Devices, Circuits and Systems, ISDCS 2018, IEEE, Mar. 2018, pp. 1—6, doi: 10.1109/ISDCS.2018.8379657. 

[8] F. M. Shahir, E. Babaei, and M. Farsadi, “Analysis and design of voltage-lift techniquebased non-isolated boost dc-dc converter,” 
IET Power Electronics, vol. 11, no. 6, pp. 1083-1091, May 2018, doi: 10.1049/iet-pel.2017.0259. 

[9] B. P. Baddipadiga and M. Ferdowsi, “A High-Voltage-Gain DC-DC Converter Based on Modified Dickson Charge Pump 
Voltage Multiplier,” ZEEE Transactions on Power Electronics, vol. 32, no. 10, pp. 7707-7715, Oct. 2017, doi: 
10.1109/TPEL.2016.2594016. 

[10] H. S. H. Chung, A. Ioinovici, and W. L. Cheung, “Generalized structure of bi-directional switched-capacitor DC/DC converters,” 
IEEE Transactions on Circuits and Systems I: Fundamental Theory and Applications, vol. 50, no. 6, pp. 743-754, Jun. 2003, doi: 
10.1109/TCSI.2003.812615. 


Bulletin of Electr Eng & Inf, Vol. 13, No. 2, April 2024: 794-799 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 Oo 799 


[11] 
[12] 


[13] 


[14] 


[15] 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


[26] 


B. Yang, W. Li, Y. Zhao, and X. He, “Design and analysis of a grid-connected photovoltaic power system,” IEEE Transactions 
on Power Electronics, vol. 25, no. 4, pp. 992—1000, Apr. 2010, doi: 10.1109/TPEL.2009.2036432. 

Y. P. Hsieh, J. F. Chen, T. J. Liang, and L. S. Yang, “A novel high step-up DC-DC converter for a microgrid system,” IEEE 
Transactions on Power Electronics, vol. 26, no. 4, pp. 1127—1136, Apr. 2011, doi: 10.1109/TPEL.2010.2096826. 

A. M. S. S. Andrade, R. C. Beltrame, L. Schuch, and M. L. D. S. Martins, “PV module-integrated single-switch DC/DC converter 
for PV energy harvest with battery charge capability,” in 2014 11th IEEE/IAS International Conference on Industry Applications, 
IEEE INDUSCON 2014 - Electronic Proceedings, IEEE, Dec. 2014, pp. 1-8, doi: 10.1109/INDUSCON.2014.7059459. 

F. Sebaaly, H. Vahedi, H. Y. Kanaan, N. Moubayed, and K. Al-Haddad, “Design and Implementation of Space Vector 
Modulation-Based Sliding Mode Control for Grid-Connected 3L-NPC Inverter,’ IEEE Transactions on Industrial Electronics, 
vol. 63, no. 12, pp. 7854-7863, Dec. 2016, doi: 10.1109/TIE.2016.2563381. 

R. Palanisamy and K. Vijayakumar, “Paper SVPWM for 3-phase 3-level neutral point clamped inverter fed induction motor 
control,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 9, no. 3, pp. 703-710, Mar. 2018, doi: 
10.1159 1Ajeecs.v9.i3.pp703-7 10. 

S. A. Zaid et al., “From MPC-Based to End-to-End (E2E) Learning-Based Control Policy for Grid-Tied 3L-NPC Transformerless 
Inverter,” IEEE Access, vol. 10, pp. 57309-57326, 2022, doi: 10.1109/ACCESS.2022.3173752. 

J. Lyu, J. Wang, W. Hu, and Y. Yan, “A Neutral-point voltage controller with hybrid parameters for npc three-level grid- 
connected inverters under unbalanced grid conditions,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 
8, no. 4, pp. 4367-4381, Dec. 2020, doi: 10.1109/JESTPE.2019.2930570. 

R. Palanisamy, K. Vijayakumar, A. Bagchi, V. Gupta, and S. Sinha, “Implementation of Coupled Inductor Based 7-level Inverter 
with Reduced Switches,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 8, no. 3, p. 1294, Sep. 
2017, doi: 10.1159 1/jpeds.v8.i3.pp1294-1302. 

A. Khosroshahi, M. Abapour, and M. Sabahi, “Reliability evaluation of conventional and interleaved DC-DC boost converters,” 
IEEE Transactions on Power Electronics, vol. 30, no. 10, pp. 5821-5828, Oct. 2015, doi: 10.1109/TPEL.2014.2380829. 

L. Palma and P. N. Enjeti, “A modular fuel cell, modular DC-DC converter concept for high performance and enhanced 
reliability,’ ZEEE Transactions on Power Electronics, vol. 24, no. 6, pp. 1437-1443, Jun. 2009, doi: 
10.1109/TPEL.2009.2012498. 

J. Sakly, A. Bennani-Ben Abdelghani, I. Slama-Belkhodja, and H. Sammoud, “Reconfigurable DC/DC Converter for Efficiency 
and Reliability Optimization,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 5, no. 3, pp. 1216-1224, 
Sep. 2017, doi: 10.1109/JESTPE.2017.2676027. 

M. J. Sathik, J. D. Navamani, A. Lavanya, Y. Yang, D. Almakhles, and F. Blaabjerg, “Reliability Analysis of Power Components 
in Restructured DC/DC Converters,” IEEE Transactions on Device and Materials Reliability, vol. 21, no. 4, pp. 544-555, Dec. 
2021, doi: 10.1109/TDMR.2021.3116941. 

A. V. Katore and A. P. Munshi, “Reliability Evaluation of Multi-level Boost Converter,” in Proceedings - 2018 International 
Conference on Smart Electric Drives and Power System, ICSEDPS 2018, IEEE, Jun. 2018, pp. 317-322, doi: 
10.1109/ICSEDPS.2018.8536010. 

V. Mulpuri, M. Haque, M. N. Shaheed, and S. Choi, “Multistate Markov Analysis in Reliability Evaluation and Life Time 
Extension of DC-DC Power Converter for Electric Vehicle Applications,” in 2018 IEEE Transportation and Electrification 
Conference and Expo, ITEC 2018, IEEE, Jun. 2018, pp. 737—743, doi: 10.1 109/ITEC.2018.8450102. 

R. Subbulakshmy and R. Palanisamy, “SVPWM control strategy for Novel Interleaved High Gain DC converter fed 3-level NPC 
Inverter for Renewable Energy Applications,’ ISA Transactions, vol. 140, pp. 426-437, Sep. 2023, doi: 
10.1016/j.isatra.2023.05.019. 

“Reliability prediction of electronic equipments,” in Military Handbook, Greensburg, PA, USA, Tech.: Relex Software Corp, 
1991. 


BIOGRAPHIES OF AUTHORS 


Subbulakshmy Ramamurthi © i > received her B.E. (EEE) and M.E (PED) from 
Mailam Engineering College (affiliated with Anna University, Chennai, India) in 2007 and 
2009. Now she is doing her Ph.D. in SRMIST (formerly SRM University) Kattankulathur, 
India. Her current research interests includes DC converters and multilevel inverters. She can 
be contacted at email: sr2381 @srmist.edu.in. 


Palanisamy Ramasamy © ki 1> received the B.E. degree in Electrical and Electronics 
Engineering from Anna University, India, in 2011, and the M.Tech. degree in Power 
Electronics and Drives and the Ph.D. degree in Power Electronics from the SRM Institute of 
Science and Technology, Chennai, India, in 2013 and 2019, respectively. He is currently 
working as an assistant professor with the Department of Electrical Engineering, SRM 
Institute of Science and Technology. He has published more than 95 international and national 
journals. His research interests include power electronics multilevel inverters, various PWM 
techniques for power converters, FACTS controllers, and grid connected photovoltaic systems. 
He can be contacted at email: palanis@srmist.edu.in. 


Reliability evaluation of non-isolated high gain interleaved DC-DC converter (Subbulakshmy Ramamurthi) 


